Introduction {#s1}
============

There has been a surge of recent interest in so-called 'resting state networks' (RSNs) in the human brain. These robust, distributed networks, most commonly detected using functional MRI, show correlated fluctuations in their resting signal and have revealed networks formed from spatially widespread but anatomically and functionally closely linked regions ([@bib7]; [@bib18]). Understanding the basis of these resting state networks is of increasing interest, as variation in the strength of functional coupling within these networks has been shown to be highly sensitive to a wide variety of clinical, genetic, or cognitive states ([@bib5]; [@bib14]). However, the neurochemical basis for such variations remains poorly understood.

Resting correlations have long been thought to be a functional marker of excitatory connections ([@bib24]; [@bib16]). However, recent simulation studies have predicted that patterns of local oscillatory activity can emerge spontaneously in a coherent fashion across large networks with specific connectional architectures ([@bib4]). Such local neuronal dynamics depend on neurochemical inhibitory tone, as shown, for example, by changes in local activity within the primary motor cortices (M1s) caused by pharmacological manipulations ([@bib9]). If correlated activity spontaneously emerges through attractor dynamics in distant cortical regions, then extent of these functional correlations should be best predicted by local GABA concentrations.

Here, we carried out a series of experiments to address this hypothesis. In the first three studies, we directly quantified GABA within the left M1 using Magnetic Resonance Spectroscopy (MRS) to test the prediction that the strength of functional connectivity within the motor RSN is related to GABA concentration within M1, a major node of the network, and that this relationship is specific in both neurochemical and anatomical terms. In a fourth study, we performed an intervention study---to directly assess this relationship by testing whether application of anodal (excitatory) transcranial direct current stimulation (tDCS) to M1, an intervention known to decrease local GABA concentration ([@bib20]; [@bib19]), resulted in strengthening of functional connectivity within the motor RSN.

Results {#s2}
=======

MR Spectroscopy data were acquired from the hand region of left primary motor cortex (M1) and all neurochemicals of interest were expressed as a ratio to N-acetyl aspartate (NAA) ([@bib20]; see [Figure 1](#fig1){ref-type="fig"} for representative spectra).10.7554/eLife.01465.003Figure 1.Representative MR spectra.(**A**) A subject with a high GABA:NAA ratio. (**B**) A subject with a low GABA:NAA ratio.**DOI:** [http://dx.doi.org/10.7554/eLife.01465.003](10.7554/eLife.01465.003)

We investigated resting functional connectivity using two different analysis approaches: independent component analysis (ICA) and seed-based correlation. For the ICA-based analysis approach, ICA was applied to group level resting fMRI data to define group level RSNs. Next, a standard dual-regression approach was used to regress these group level RSNs of interest against each individual subject's data. This generates subject level maps of functional connectivity for each RSN of interest. Analysis focused on the motor network, the principal RSN containing M1 ([Figure 2A](#fig2){ref-type="fig"}). For the seed-based correlation analysis, we correlated the average resting BOLD timecourses between the left and right M1s as a simpler measure of functional connectivity between left M1, from where our GABA measurements were acquired, and another major network node. To investigate the anatomical specificity of the relationship between GABA and functional connectivity within the motor RSN we correlated the average resting BOLD timecourses between the left M1 and left dorsal premotor cortex (PMd).10.7554/eLife.01465.004Figure 2.(**A**) Group mean motor resting state network. (**B**) Group mean default mode network. (**C**--**E**) Experiment 1: a significant relationship was demonstrated between M1-GABA and functional connectivity within the motor RSN (r = −0.71, p=0.01; **C**) but not between M1-Glx and motor network functional connectivity (**D**) nor between M1-GABA and functional connectivity within the DMN (**E**).**DOI:** [http://dx.doi.org/10.7554/eLife.01465.004](10.7554/eLife.01465.004)10.7554/eLife.01465.005Figure 2---figure supplement 1.Experiment 2 replicated the findings of experiment 1 in a separate group of 16 young, healthy subjects.(**A**) A significant inverse relationship between M1-GABA and functional connectivity within the motor RSN was again demonstrated (r = −0.569, p=0.02). This was both anatomically and neurochemically specific (anatomical specificity: M1-GABA-DMN correlation r = 0.23, p=0.37; M1-GABA-motor vs M1-GABA-DMN: Z = 2.61; p=0.01; neurochemical specificity: M1-Glx-motor RSN correlation: r = −0.406, p=0.11; M1-GABA-motor correlation with Glx covaried out: r = −0.45; p\<0.05). (**B**) As in experiment 1, a significant inverse relationship between the degree of M1-M1 correlation and M1-GABA was found (r = −0.49, p=0.05).**DOI:** [http://dx.doi.org/10.7554/eLife.01465.005](10.7554/eLife.01465.005)10.7554/eLife.01465.006Figure 2---figure supplement 2.(**A**) Experiment 3 found that the relationship between M1-GABA and the strength of functional connectivity within the motor RSN was maintained in healthy older adults (r = −0.69, p=0.037). Similarly to experiments 1 and 2 this relationship was both anatomically and neurochemically specific (anatomical specificity: M1-GABA-DMN correlation: r = 0.41, p=0.26; M1-GABA-motor vs M1-GABA-DMN: Z = 2.22; p=0.03; neurochemical specificity: M1-Glx-motor RSN correlation r = 0.13, p=0.73; M1-GABA-motor correlation with Glx covaried out: r = −0.79; p=0.04). (**B**) A significant relationship between the degree of M1-M1 correlation and M1-GABA was again found (r = −0.62, p=0.035).**DOI:** [http://dx.doi.org/10.7554/eLife.01465.006](10.7554/eLife.01465.006)

Experiment 1 {#s2-1}
------------

Experiment 1 considered a cohort of 12 young, healthy subjects, of whom 11 had spectra of sufficient quality for inclusion. Using ICA, we demonstrated a significant inverse correlation between functional connectivity within the motor RSN and GABA concentration within M1 (M1-GABA) in healthy young volunteers (r = −0.71, p=0.01; [Figure 2C](#fig2){ref-type="fig"}).

To test the anatomical specificity of this result, we assessed the default mode network (DMN), as this is a well-characterized RSN that does not include M1 ([Figure 2B](#fig2){ref-type="fig"}). There was no significant correlation between M1-GABA and functional connectivity within the DMN (r = 0.25, p=0.44) ([Figure 2D](#fig2){ref-type="fig"}), and M1-GABA and functional connectivity within the DMN was significantly less correlated than M1-GABA and functional connectivity within the motor RSN (Fisher's R-to-Z transformation, Z = −2.29, p=0.02).

To test the neurochemical specificity of this result, we measured M1 glutamate (assessed via Glx, a composite measure of glutamate and glutamine). There was no significant correlation between motor RSN functional connectivity and M1-Glx (r = −0.35, p=0.36; [Figure 2E](#fig2){ref-type="fig"}), and the correlation between M1-GABA and motor RSN functional connectivity persisted when M1-Glx was co-varied out (r = −0.67, p=0.03).

Additionally, using a seed-based correlation analysis, we demonstrated a significant inverse relationship between the degree of correlation between the two M1s and GABA concentration (r = −0.60, p=0.047; [Figure 3A](#fig3){ref-type="fig"}). There was a trend towards an inverse relationship between the degree of correlation between left M1 and left PMD and GABA concentration (r = −0.49, p=0.12; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}).10.7554/eLife.01465.007Figure 3.The degree of correlation between the left and right primary motor cortices (M1s) was significantly related to M1 GABA levels.Values shown are raw Pearson's correlation coefficients for ease of display. As these are not normally distributed all statistical analyses were performed on log-transformed data (see 'Materials and methods'). (**A**) Experiment 1 (r = −0.60, p=0.047). (**B**) Experiment 4: the correlation between left and right M1s was significantly increased after anodal tDCS (t(9) = 1.94, p=0.04).**DOI:** [http://dx.doi.org/10.7554/eLife.01465.007](10.7554/eLife.01465.007)10.7554/eLife.01465.008Figure 3---figure supplement 1.There was a trend towards a relationship between the degree of correlation between the left M1 and the left dorsal premotor cortex (PMd) and M1 GABA levels.(**A**) Experiment 1 (r = −0.49, p=0.12). (**B**) Experiment 2 (r = −0.40, p=0.11). (**C**) Experiment 3 (r = −0.67, p=0.02). (**D**) Experiment 4: the correlation between left and right M1s showed a trend towards an increase after anodal tDCS (t(9) = 1.87, p=0.09).**DOI:** [http://dx.doi.org/10.7554/eLife.01465.008](10.7554/eLife.01465.008)

Experiments 2 and 3 {#s2-2}
-------------------

We broadly replicated these findings in two further separate cohorts: once in a group of 16 young healthy subjects (experiment 2; see [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) and one in a group of older adults (experiment 3; see [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}).

Experiment 4 {#s2-3}
------------

Experiment 4 aimed to investigate whether decreasing GABA within M1 using anodal tDCS ([@bib20]; [@bib21]), increased functional connectivity within the motor RSN. We acquired resting fMRI data before and immediately after anodal tDCS applied to the left M1 in a separate group of 10 subjects. A significant increase in network functional connectivity after tDCS was observed in the motor RSN (pre: 20.7 ± 3.34, post: 26.7 ± 2.97; t(9) = 2.59, p=0.02; [Figure 4](#fig4){ref-type="fig"}). There was also a significant increase in the degree of M1-M1 correlation (t(9) = 1.94, p=0.04; [Figure 3B](#fig3){ref-type="fig"}).10.7554/eLife.01465.009Figure 4.Anodal tDCS applied to M1, which is known to decrease GABA levels, significantly increased functional connectivity within the motor RSN (t(9) = 2.59, p=0.02).**DOI:** [http://dx.doi.org/10.7554/eLife.01465.009](10.7554/eLife.01465.009)

Discussion {#s3}
==========

In this study, we investigated the basis of the long-range fluctuations seen in resting fMRI. In three separate cohorts of subjects we have demonstrated a significant negative correlation between the levels of GABA in M1 and the strength of functional connectivity within the motor RSN. This relationship was specific both anatomically and neurochemically: no relationship between glutamate levels and resting connectivity was demonstrated. We believe that the fundamental relationship between resting connectivity within the motor network and M1 GABA demonstrated here is robust, as it is replicated across both ICA and seed-based approaches; whether the MRS and fMRI data were collected on the same day or different days; across different scanners; and in young and old healthy cohorts.

Further, we have shown that a technique that is known to decrease GABA within M1 significantly increases functional connectivity of the motor RSN.

What do these findings tell us about how activity at a cellular level relates to long-range network connectivity? The activity within the motor RSN has been shown to be related to fluctuations in the power of beta oscillations ([@bib3]), which have in turn been related to GABA activity ([@bib9]). A recent simulation-based paper suggested a positive relationship between local oscillatory power in the gamma band and resting state functional connectivity ([@bib4]), something supported in the visual network by a relationship between RSN connectivity and local gamma frequency oscillatory activity ([@bib16]). Evoked gamma power is also known to be inversely related to extra-synaptic GABA tone ([@bib23]). GABA is present in the human brain in three major pools---in pre-synaptic vesicles, as a metabolite in the cytoplasm, and in the extracellular fluid, where it underlies extra-synaptic GABA tone. It is likely that MRS-assessed GABA, which is sensitive to the total *amount* of GABA within the voxel, more closely reflects extra-synaptic rather than synaptic GABA activity ([@bib21]).

While it is not yet clear what the relationship is between local gamma oscillations and beta oscillations, the negative correlation found between motor RSN functional connectivity and MRS-assessed GABA in M1 is consistent with the idea that fluctuations in the power of oscillations underlie long-range resting functional connectivity.

In combining observational studies (Experiments 1--3) and an intervention study (Experiment 4), the data presented here significantly extends and brings coherence to previous findings. One previous study has observed a correlation between GABA in the posteromedial cortex and the strength of the default mode network ([@bib12]). Taken together with our findings, this suggests that the relationships we report are not specific to the motor system, but rather a general feature of resting state functional connectivity networks. It is interesting to note, however, that in addition to a relationship with GABA, Kapogiannis et al. demonstrate a significant positive correlation between glutamate in the posteromedial cortex and the strength of the default mode network. There are a number of reasons why we did not find a similar relationship between glutamate and resting state connectivity. Our MRS approach allowed quantification of Glx, a composite measure of glutamate and glutamine, and therefore may be less sensitive to relationships with glutamate specifically. Alternatively, it may be that different networks have different neurochemical profiles, although this seems less likely.

Other previous studies have explored the relationship between task-evoked BOLD responses and GABA: a relationship between GABA levels and BOLD signal in response to a task has been demonstrated in anatomically plausible regions for both motor and visual tasks ([@bib13]; [@bib19]), such that higher local GABA concentrations are associated with smaller task-related BOLD signals. Motor-task related BOLD signals have also been shown to correlate with the strength of the motor RSN across individuals ([@bib11]). The relationships demonstrated here, build on this prior work and provide a mechanistic explanation for the previous finding that motor learning, which decreases GABA ([@bib6]), increases RSN functional connectivity ([@bib1]).

Taken together, these findings relate RSN functional connectivity to local inhibitory tone within the motor cortex, and thereby may reveal an important neural mechanistic explanation for the RSN changes observed in a wide range of states.

Materials and methods {#s4}
=====================

All subjects gave their informed consent to participate in the study in accordance with local ethics committee approval (Experiments 1, 3 & 4: Oxfordshire REC A 06/Q1604/2; Experiment 2: East London REC 1 10/H0703/50). All subjects were right-handed and none had a history of any neurological or psychiatric disorder.

Experiment 1 {#s4-1}
------------

12 volunteers (6 male; mean age 23 years \[range 21--31 years\]) participated. MR data were acquired on a 3T Siemens/Varian MRI System. MRS data was acquired using a 1 channel transmit/receive head-coil from a 2 × 2 × 2 cm voxel centred on the hand-knob area within the motor cortex in the left hemisphere. First, a standard PRESS sequence (TR = 3 s, TE = 68 ms) was used to acquire an unedited spectrum with 32 averages. Then, a MEGA-PRESS sequence (TR = 3 s, TE = 68 ms) was used, with 20 ms double-banded Gaussian inversion pulses for simultaneous spectral editing and water suppression; the water suppression band was set to a frequency of 4.7 ppm, the editing band alternated between 1.9 ppm and 7.5 ppm, to collect an edited spectrum with 256 averages.

FMRI data were acquired on a separate day using the same scanner as above with a 4 channel receive head coil. 200 axial echo planar volumes were acquired (43 × 3 mm axial slices, TE = 28 ms, TR = 3000 ms, FOV = 192 × 192). Subjects lay at rest with their eyes open for the duration of the FMRI scan, and had performed no tasks prior to this data being acquired.

Experiment 2 {#s4-2}
------------

MRS and fMRI data were acquired from 16 volunteers (2 male, mean age 24 years, \[range 20--39 years\]) on a 3T Siemens Verio in the same session using a 32 channel receive coil.

MRS data were acquired as described in experiment 1, with 288 averages. Data were pre-processed using in-house scripts to combine data from each channel, remove motion corrupted signal averages and correct for frequency drifts during acquisition. 128 axial echo planar volumes of fMRI data were acquired (44 × 3 mm axial slices, TE = 30 ms TR = 2410 ms, FOV = 192 × 100).

Experiment 3 {#s4-3}
------------

12 volunteers (6 male, mean age 61 years \[range 45--72 years\]) participated. MRS data were acquired on a 3T Siemens/Varian MRI System exactly as described in experiment 1. FMRI data were acquired on a 3T Siemens Trio system with a 12 channel receive head coil (60 vol, 35 × 3.8 mm axial slices, TE = 40 ms, TR = 2000 ms, FOV = 192 × 192).

Experiment 4 {#s4-4}
------------

10 volunteers (3 male, mean age 22.7 years \[range 21--24 years\]) participated. FMRI data were acquired exactly as in Experiment 1, before and immediately after tDCS application, which was delivered while subjects lay supine in the MR scanner.

tDCS electrodes (fitted with 5 kΩ resistors; Easycap, GmbH; Germany) were sited prior to entry into the scanner in a standard montage. The active electrode was placed over the left motor cortex, centered 5 cm lateral and 2 cm anterior to Cz. The reference electrode was placed on the right supraorbital ridge. As described previously ([@bib20]), high-chloride EEG paste was used as a conducting medium. Anodal, facilitatory, tDCS was delivered via a DC stimulator (Eldith GmbH; Germany), the current had a ramp-up time of 10 s, was held at 1 mA for 10 min and then ramped down over 10s.

MR data analysis {#s4-5}
----------------

### MRS analysis {#s4-5-1}

MRS data analysis was performed using jMRUI v2.2 (<http://www.mrui.uab.es/mrui/>). Data were smoothed using a 2 Hz Lorentzian filter, and phased with respect to both the 0th and 1st order phase. NAA and Creatine line-widths were obtained from the non-edited PRESS acquisition using a non-linear least square fitting algorithm, and were used to constrain peak fitting for the GABA and glutamate/glutamine resonances. Any spectra with a NAA linewidth of \>10Hz were rejected as being of insufficient quality ([@bib20]) (one subject from experiment 1 and three from experiment 3). Poor quality spectra may be caused by a number of factors including excessive motion. All neurotransmitter concentrations are given as a ratio to NAA and corrected for grey matter and white matter concentration as described previously using a T1-weighted high-resolution structural scan acquired immediately prior to the MRS acquisition ([@bib20]).

We chose to use NAA as a reference as we wished to use a reference peak that was acquired simultaneously to our metabolites of interest. Due to our acquisition parameters in experiments 1 and 3, the only consistent reference was NAA. A simultaneously acquired reference peak is highly preferable to control for potential drifts in the spectra during acquisition.

FMRI analysis for resting state networks {#s4-6}
----------------------------------------

FMRI data processing was carried out using Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC; version 3.10) part of FSL (FMRIB's Software Library, [www.fmrib.ox.ac.uk/fsl](http://www.fmrib.ox.ac.uk/fsl)) ([@bib17]; [@bib2]; [@bib10]). Individual pre-statistics processing consisted of motion correction brain extraction; fieldmap-based EPI unwarping spatial smoothing using a Gaussian kernel of FWHM 6.0 mm and high-pass temporal filtering equivalent to 150.0 s (0.007 Hz). Functional data was aligned to structural images (within-subject) initially using linear registration (FMRIB's Linear Image Registration Tool, FLIRT), then optimized using Boundary-Based Registration approach ([@bib8]). Structural images were transformed to standard space using a non-linear registration tool (FNIRT), and the resulting warp fields applied to the functional statistical summary images. Pre-processed functional data for each subject were temporally concatenated across subjects to create a single 4D dataset.

Between-subject analysis was performed using a dual regression technique, as described previously ([@bib5]). Briefly, this approach consisted of three stages. First, the concatenated fMRI data set was decomposed using ICA into 25 components and RSNs of interest were identified using spatial correlations against previously defined maps ([@bib2]). Next, the dual-regression approach was used to identify the subject-specific RSN maps. This process involved using all 25 components to perform a spatial regression against each separate fMRI data set and then using the resulting normalized time-course matrices to perform a temporal regression to estimate subject-specific maps that reflect the subject specific strength of functional connectivity. The resulting subject-specific RSN map was then masked by the group mean RSN map and the mean value within this region extracted for each subject, used as a measure of the strength of functional connectivity within the RSN. Motion is known to have complex effects on resting state connectivity on a subject-by-subject basis ([@bib15]), but effects of head motion are greatly ameliorated by the dual regression approach used here, compared against simpler single-regression-based analyses ([@bib25]).

FMRI analysis for seed-based correlations {#s4-7}
-----------------------------------------

Data were preprocessed and registered to standard space as described above. For Experiments 1--3, the MRS voxel of interest each subject was registered to standard space to give a region of interest (ROI) for the left M1, and then flipped about the midline to give a ROI for the right M1. An ROI of the PMd was derived from a connectivity-based parcellation of the lateral premotor cortex ([@bib22]), and was masked by the group mean RSN mask.

The timecourse of the fMRI signal from these ROIs was then extracted from the fMRI data, pre-processed as described above. For each subject left and right M1s and left M1 and left PMd were correlated using Pearson's correlation coefficient. As Pearson's correlation coefficients are non-normally distributed, the r value for each subject was then log-transformed to give a parametric measure of the degree of functional correlation between the ROIs. This was then correlated for each subject with GABA levels acquired from the left M1.

For Experiment 4, where no MRS was acquired, the mean MRS voxel location from all subjects in Experiments 1--3 was calculated and this was used as the ROI.
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Thank you for sending your work entitled "Local GABA concentration is related to network-level resting functional connectivity" for consideration at *eLife*. Your article has been favorably evaluated by a Senior editor and 3 reviewers, one of whom is a member of our Board of Reviewing Editors.

The following individuals responsible for the peer review of your submission have agreed to reveal their identity: Jody Culham, Reviewing editor; Peter Fransson, peer reviewer.

The Reviewing editor and reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

Two external reviewers and the Reviewing editor all provided quite favorable reviews of the manuscript. The consensus was that the experiments were well-conceived and well-executed and the manuscript was well-written. All three reviewers also thought that the findings make an important contribution to the literature, especially given the ubiquity of fMRI studies using resting state correlations and the field\'s very limited understanding of the neuronal basis of these fluctuations in the BOLD signal.

Several issues need to be addressed in a moderate revision:

1\) Impact of motion -- as shown in recent papers by Petersen\'s group and others motion can have a large and hard to predict impact on resting state BOLD correlation maps. Similarly motion can degrade the quality of the GABA measurement. It would be good if the authors added in the text a paragraph about how motion was addressed for both measurements. For the resting state BOLD measurements were any of the advanced motion corrections like the \'scrubbing\' method proposed by Petersen and colleagues used?

2\) Spectral quality -- the spectral quality of the previous work by the Oxford group has been excellent. However it would still be useful to provide as supplementary material, or at least to the reviewers, a GABA spectrum from a subject with a low and high GABA/NAA ratio since the paper\'s main conclusion depends on this comparison.

3\) NAA as a reference -- the authors should provide a short explanation of why this is preferred over creatine or an absolute water reference.

4\) GABA tone and cellular GABA concentration -- the authors should expand on this relationship to make clear to readers not familiar with MRS.

5\) A strength is the demonstration of the specificity of the correlation between GABA and interhemispheric M1-M1 connectivity (and M1-GABA does not predict connectivity within another network, the DMN). However, it would also be quite valuable to know whether the GABA concentrations are related to the connections between M1 and other areas. That is, the interhemispheric connections between homotopic regions (especially motor cortex) may rely more on mutual inhibition than connections within a hemisphere. I would like to see an investigation of the correlation between M1 and another region, perhaps a secondary motor area known to be connected with M1 (perhaps dorsal or ventral premotor cortex).

6\) The paper includes a lot of replication. On the one hand, this is a good thing. Psychology and neuroscience have recently come under fire for frequent failures to replicate and so it is reassuring to see an effect that is replicated twice and replicated across approaches (ICA and seed-based RSC analyses), across data collection schemes (fMRI and MRS in separate vs. the same session), across scanner configurations (two Siemens scanners with different coils) and across populations (including both the young and the elderly). It would be worth emphasizing the replicability across all these factors more in the Discussion. On the other hand, the replication now interferes to some degree the flow of the paper. Can the authors take advantage of some of the on-line features of embedding supplemental figures or make a table or flow diagram that can mitigate this?

10.7554/eLife.01465.011

Author response

*1) Impact of motion -- as shown in recent papers by Petersen\'s group and others motion can have a large and hard to predict impact on resting state BOLD correlation maps. Similarly motion can degrade the quality of the GABA measurement. It would be good if the authors added in the text a paragraph about how motion was addressed for both measurements. For the resting state BOLD measurements were any of the advanced motion corrections like the \'scrubbing\' method proposed by Petersen and colleagues used*?

We recognize that motion can cause artifacts in both resting BOLD and GABA MRS measurements. Many different approaches exist to deal with this problem and we believe that the approaches we have taken (detailed below) will have dealt adequately with motion. However, no approach to motion correction is perfect; it is therefore important also to note that, while common variation in data quality (e.g., due to head motion) could theoretically contribute to correlation between signals, we cannot envisage a mechanism by which the specificity of the relationships we report could be explained by such factors.

For our BOLD resting state analyses, we would first like to reassure the editor and the reviewers that all our data were of high quality; we have extracted the mean movement from each of the RSN scans in terms of relative displacement in mm detected by motion correction. For the 4 experiments included in this study, the mean displacement over the course of the RSN scan was consistently low: Experiment 1: 0.06±0.007mm; Experiment 2: 0.08±0.02mm; Experiment 3: 0.04±0.01mm; Experiment 4 Pre: 0.05±0.01mm; Post 0.07±0.02mm.

However, the issue of motion is not trivial, even in high quality data. As the reviewers and editor suggest, a number of different potential approaches exist to deal with this issue. In this paper we have chosen to use an ICA-based analysis, with network strength quantified for each subject using a dual regression analysis. Because of the nature of the applied two multiple regressions (one spatial and one temporal), in general, effects of head motion are greatly ameliorated, compared against simpler single-regression-based analyses ([@bib25]).

We have clarified this in the manuscript (revisions in italics):

"The resulting subject-specific RSN map was then masked by the group mean RSN map and the mean value within this region extracted for each subject, used as a measure of the strength of functional connectivity within the RSN. *Motion is known to have complex effects on resting state connectivity on a subject-by-subject basis* ([@bib15]), *but effects of head motion are greatly ameliorated by the dual regression approach used here, compared against simpler single-regression-based analyses ([@bib25])*."

In terms of spectral quality, motion would impact on spectral quality primarily as an increase in linewidth. We have stringent a priori spectral quality control, which ensures that spectra that were not of adequate quality were excluded from the analysis. Any spectra with a linewidth \> 10Hz were excluded from analysis, a standard objective criteria of spectral quality.

We have added the following to the results section to clarify this (revisions in italics):

"Any spectra with a NAA linewidth of \> 10Hz were rejected as being of insufficient quality ([@bib20]) (1 subject from experiment 1 and 3 from experiment 3). *Poor quality spectra may be caused by a number of factors including excessive motion.*"

*2) Spectral quality -- the spectral quality of the previous work by the Oxford group has been excellent. However it would still be useful to provide as supplementary material, or at least to the reviewers, a GABA spectrum from a subject with a low and high GABA/NAA ratio since the paper\'s main conclusion depends on this comparison*.

We are happy to provide these data as a supplemental figure. We have added a reference to this in the manuscript to point the reader to these data.

3\) NAA as a reference -- the authors should provide a short explanation of why this is preferred over creatine or an absolute water reference.

For all spectra it is desirable to reference the metabolites of interest to a simultaneously acquired reference peak. Due to our acquisition parameters in Experiments 1 & 3, the only simultaneously acquired peak available was NAA, and therefore we used this throughout for consistency. The use of a simultaneously acquired reference is vital to account for any possible signal drifts over the acquisition of the spectra.

We did not acquire an external water reference for any of the experiments and therefore do not believe that an absolute water reference would be more accurate than a ratio to NAA, especially as this would not be a simultaneously acquired reference.

It is theoretically possible by referencing our metabolites of interest to NAA, that the relationships described in the manuscript between GABA levels and network strength might be driven by differences in NAA (a marker of neuronal mitochondrial activity) rather than GABA. This is highly unlikely as NAA is used as the reference for Glx as well, and therefore the specificity of the relationship between network strength and GABA speaks to this being the driver of this relationship.

However, to ensure that this was not the case, we performed the analyses in the paper using a creatine reference. A simultaneously acquired creatine reference peak was acquired for Experiment 2. For experiments 1 & 3 we acquired a PRESS spectrum with a 68ms TE before the GABA measurement, from which it is possible to acquire a creatine peak as a reference. We also ran the relevant analyses using this (non-simultaneous) creatine peak and are pleased to say that the pattern of results reported in the manuscript as referenced to NAA holds for this analysis referenced to creatine.

We would prefer to keep NAA as our reference peak, for reasons outlined above, and therefore have not altered the data in the manuscript. We are happy to do so, however, if the editor and the reviewers feel that it is appropriate.

We have added the following to the Discussion section to highlight our reasons for our choice of reference peak:

"We chose to use NAA as a reference as we wished to use a reference peak that was acquired simultaneously to our metabolites of interest. Due to our acquisition parameters in experiments 1 & 3, the only consistent reference was NAA. A simultaneously acquired reference peak is highly preferable to control for potential drifts in the spectra during acquisition."

*4) GABA tone and cellular GABA concentration -- the authors should expand on this relationship to make clear to readers not familiar with MRS*.

We are happy to expand this point and have added the following to the manuscript:

"Evoked gamma power is also known to be inversely related to extra-synaptic GABA tone ([@bib23]). GABA is present in the human brain in three major pools -- in pre-synaptic vesicles, as a metabolite in the cytoplasm, and in the extracellular fluid, where it underlies extra-synaptic GABA tone. It is likely that MRS-assessed GABA, which is sensitive to the total *amount* of GABA within the voxel, more closely reflects extra-synaptic rather than synaptic GABA activity ([@bib21])."

*5) A strength is the demonstration of the specificity of the correlation between GABA and interhemispheric M1-M1 connectivity (and M1-GABA does not predict connectivity within another network, the DMN). However, it would also be quite valuable to know whether the GABA concentrations are related to the connections between M1 and other areas. That is, the interhemispheric connections between homotopic regions (especially motor cortex) may rely more on mutual inhibition than connections within a hemisphere. I would like to see an investigation of the correlation between M1 and another region, perhaps a secondary motor area known to be connected with M1 (perhaps dorsal or ventral premotor cortex)*.

We chose to look at the connections between the two M1s as the major cortical connectivity from M1 is to the homotopic region. However, it is true that it would be interesting to investigate the relationship between M1 and another cortical region. At the reviewers' suggestion we chose to investigate connectivity between the M1 and the ipsilateral PMd, and found a trend for a similar effect.

*6) The paper includes a lot of replication. On the one hand, this is a good thing. Psychology and neuroscience have recently come under fire for frequent failures to replicate and so it is reassuring to see an effect that is replicated twice and replicated across approaches (ICA and seed-based RSC analyses), across data collection schemes (fMRI and MRS in separate vs. the same session), across scanner configurations (two Siemens scanners with different coils) and across populations (including both the young and the elderly). It would be worth emphasizing the replicability across all these factors more in the Discussion. On the other hand, the replication now interferes to some degree the flow of the paper. Can the authors take advantage of some of the on-line features of embedding supplemental figures or make a table or flow diagram that can mitigate this*?

In order to improve the flow of the paper we have moved experiments 2 & 3 to the supplementary data, keeping only the major findings in the main paper. We believe that this has substantially improved the paper. In addition, we are happy to highlight the strength of the replication within the study as suggested and have added the following to the Discussion (revisions in italics):

"In this study we investigated the basis of the long-range fluctuations seen in resting fMRI. In three separate cohorts of subjects we have demonstrated a significant negative correlation between the levels of GABA in M1 and the strength of functional connectivity within the motor RSN. This relationship was specific both anatomically and neurochemically: *no relationship between glutamate levels and resting connectivity was demonstrated. We believe the fundamental relationship between resting connectivity within the motor network and M1 GABA demonstrated here is robust, as it is replicated across both ICA and seed-based approaches; whether the MRS and fMRI data were collected on the same day or different days; across different scanners; and in young and old healthy cohorts.*"
